In this study, a new hybrid mount with a moving-coil-type electromagnetic actuator is developed to reduce the vibration transmitted from naval shipboard equipment to the ship hull structure. The detailed design of the hybrid mount is determined through several design stages with electromagnetic numerical analysis using Maxwell software. The hybrid mount, which combines a rubber mount with an electromagnetic actuator, has a fail-safe function for shock resistance. The mount is fabricated and tested using a universal testing machine to check the design specifications. Finally, control tests are carried out on the hybrid mount to confirm its performance and applicability.
Introduction
tect it from external disturbances, helping it to perform its intended functions. Naval shipboard equipment must strictly comply with defense specifications in terms of its features while also remaining capable of performing its intended functions. To this end, it is imperative to use a mounting system that provides a good performance in terms of reduction of noise and vibration transmitted to the hull and protects the equipment from external shock. Today, passive rubber mounts (e.g., U.S. Navy standard mounts, Wiroflex mounts) are widely used on most equipment in naval ships.
In addition to defense capabilities, studies are currently underway to improve the noise and vibration performance of equipment in terms of precise processing and semiconductor use. Research is also ongoing in the development of a hybrid mount system that can actively provide control force to a passive mount based on the signal from the source of noise/vibration (1, 2, 3) . The developed hybrid mount combines a stacked piezoelectric actuator or an electromagnetic actuator with an air spring, presumably operating at a frequency of 80 Hz. In the defense sector, studies are being conducted to reduce the probability of detection of a ship by enemies by decreasing structure-borne noise caused by vibrations originating from equipment. Most notable is research into a hybrid mount that combines a passive rubber mount and a piezoelectric actuator (4, 5) . These studies indicate that a piezoelectric actuator, by nature, reduces noise/vibration only at high frequency ranges above 100 Hz.
In this paper, a new hybrid mount capable of reducing structure-borne noise caused by naval shipboard equipment has been developed. Existing literature (6) shows that passive mounts and hybrid mounts consisting of non-contact electromagnetic actuators or inertial force actuators deliver good performance. The hybrid mount presented in this paper combines a proven passive rubber mount with an electromagnetic actuator to effectively reduce the force transmitted from equipment to a ship hull while considering shock resistance. First, the most effective layout of mount components was identified in light of vibration transmissibility from equipment to supporting structures. The initial design draft based on various factors was presented, and the final design was subsequently decided considering shock resistance, which can cause problems when the mount is in service. The designed hybrid mount was then fabricated and tested to measure its performance.
Conceptual Design of Hybrid Mount
The hybrid mount presented in this study is based on an existing proven passive rubber mount. Figure 1 shows the cross section of a rubber mount produced in Korea, which is based on a standard mount used by the U.S. Navy. This study is aimed at developing a hybrid mount with a static load of 250 kg, maximum control force of 120 N, and maximum controlled displacement of ±1 mm. The upper limit of the control frequency range of the mount was set at 300 Hz or lower.
Based on findings from studies on the dynamic characteristics of a hybrid mount that depend on the mount layout (6) , the placement of the passive element and the actuator was determined by analyzing the amount of noise transmitted to the ground. Consequently, a non-contact parallel-type mount (see Fig. 2(a) ) and an inertial mass-type mount (see Fig. 2 During the concept design stage for the electromagnetic actuator, a moving-coil-type actuator (in Fig. 1 Drawings of the passive mount, 6K900
(a) Non-contact type (b) Inertia type Fig. 2 Schematic models for hybrid mounts (6) which the coil section moves) and a moving-magnet-type actuator (in which the permanent magnet moves) were considered. This paper, however, discusses only the use of the former. To ensure that the structure of the passive mount does not change, the electromagnetic actuator was designed to be located under the passive mount. The moving-magnet-type actuator will be considered in another paper in the near future.
The two models shown in Fig. 3 were consid- within the stator. The models were analyzed using Maxwell (8) , which is commercial FEM-based solution software, under the assumption that the coil is wrapped with 300 turns and the air gap is 1 mm. 
Basic Design of Hybrid Mount
Any mount aboard a naval ship must be designed such that it can withstand shock from military engagement or an assault. In other words, the design of a hybrid mount must take into account its shock resistance. One of the ways to ensure such resistance is to have a fail-safe capability that can protect equipment on the top of the mount from external shock at all times. Because the passive rubber mount selected for this study has proven shock resistance, the focus of the design needs to be placed on preventing the resist- When the second-stage concept design presented in Section 2 is applied to the hybrid mount, large-scale dynamic deformation occurs after a shock load is applied, causing interference between the stator and the mover. To prevent such interference, the design was modified as shown in static deflection will be less than ±2 mm and the change in the force will be around 20 %.
The design specifications and parameters derived finally are summarized in Table 1 . The draft design for the hybrid mount incorporating an electromagnetic actuator based on the stated specifications and parameters is shown in Fig. 9 . The black and blue parts combined represent the rubber mount: black represents steel, and blue represents rubber.
Fabrication and Performance Evaluation 4.1 Fabrication of Hybrid Mount
As mentioned in Section 2, the passive mount 6K900, whose performance is equivalent to that of a standard mount used by the U.S. Navy, was employed as the passive rubber mount. The moving-coil electromagnetic actuator presented in Section 3 was manufactured in-house. The metal used to create the magnetic circuit was ferrite chrome steel (SS430), whereas the permanent magnet was made of N42H. The magnet was built by manufacturing 20 smaller magnet pieces through discretization and assembling them into a ring shape. This was done because building a single-piece ring-shaped magnet is unfeasible. The coil is of the self-bounded type, and some duration after current runs through it, it suffers from partial melting of the sheath covering it. The diameter was finally determined at 1.3 mm in light of the current applied. All other parts than the one necessary for the creation of a magnetic circuit were made of non-magnetic stainless steel to avoid magnetic flux leakage. Figure 10 shows the manufactured stator and the mover and the assembled hybrid mount. The stator consists of a permanent magnet and other components. A closer look at the photos shown in Fig. 10(a) will reveal that gray pieces of the permanent magnet are interconnected within the stator. The mover, as shown in Fig. 10(b) , consists of a coil and other components. A look at the figure reveals a wire for applying current. Figure   10 (c) shows an electromagnetic actuator, consisting of a stator and a mover, attached to the bottom of a passive rubber mount. It also shows that the actuator is connected to an installation jig.
General Performance Experiment
A universal testing machine (UTM) was used to test the performance of the electromagnetic actuator fabricated according to the design specifications 
Control Performance Experiment
A control performance experiment was performed on the manufactured hybrid mount to determine its applicability. In general, a mount can perform its intended function stably when it works with three others as a group. In the current stage, however, only one mount was tested to evaluate its applicability.
The experimental configuration is shown in Fig. 14. An electromagnetic exciter was placed at the top of the hybrid mount in lieu of equipment.
The exciter was necessary because only one mount was tested here whereas four mounts are required to install equipment with excitation.
Weights were added until the rated load reached 250 kg, and mass was placed at the top of the exciter to generate greater excitation. An electromagnetic exciter can produce a maximum force of 500 N. The same components as those shown in 
was intended to control the electromagnetic actuator at the hybrid mount. The control algorithm was implemented using Filtered-X LMS (10, 11) and focused only on single sinusoidal wave vibration. A control algorithm was designed using MATLAB/SIMULINK (12) ; the algorithm was used in the dSpace controller to regulate the electromagnetic actuator.
The experiment was performed in the range of 10~300 Hz. As a typical example, the results from the test performed at 26.7 Hz are shown in Fig.   15 . In the figure, the blue line represents acceleration when the electromagnetic actuator is not in 
Conclusion
This paper presents a method of designing, fab-ricating, and testing a new type of hybrid mount capable of reducing structure-borne noise caused by naval shipboard equipment. The key findings of the study are as follows:
• The hybrid mount is developed to reduce the transmitted force from equipment to the supporting structure by reducing the base acceleration by using a viscoelastic mount and an electromagnetic actuator.
• The developed hybrid mount is composed of a proven passive rubber mount and a moving-coil electromagnetic actuator. It is ideal for reducing vibration at a low frequency range under 300 Hz, and it has a fail-safe capability that can protect equipment on the top of the mount from external shock loads.
• The moving-coil electromagnetic actuator is designed such that it fully meets the desired specifications in terms of the characteristics of the coil, permanent magnet, and magnetic circuit.
• A hybrid mount was fabricated based on the design and tested using a hydraulic universal testing machine to determine its performance. The test reveals that the mount is fully compliant with the design specifications at the frequency range of interest. A series of experiments were performed to assess the control performance of the hybrid mount, and the results confirmed its applicability.
• The performance evaluation of a mount system consisting of four mounts is necessary to determine the exact performance of hybrid mounts. Further research using the mounting system presented in this paper will be conducted. 
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